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Nonlinear dielectrics offer uniquely strong and tunable nonlinearities that make them attractive for curr;nt -device; (for example, frequency-agile microwave filters) and for future signal-processing technologies. The goal of this project is to understand pulse propagation on nonlinear coplanar waveguide prototype devices. We have performed time-domain and frequency-domain experimental studies of simple waveguide structures and pursued a theoretical understanding of the propagation of signals on these nonlinear waveguides.
To realistically assess the potential applications, we used a time-domain measurement and anal ysis technique developed during this project to perform a broadband electrodynamics characterization in terms of nonlinear, dispersive, and dissipative effects. We completed a comprehensive study of coplanar waveguides made from high-temperature superconducting thinfilm YBACU Õ~.a electrodes on nonlinear dielectric single-c~stal SrTi03 substrates. By using parameters determined from small-signal (linear) transmission characteristics of the waveguides, we develop a model equation that successfully predicts and describes large-signal (nonlinear) behavior.
Background and Research Objectives
The established methods in communications typically use a narrow spectral range.
For example, VHF TV stations operate in bandwidths of 6 MHz on at least a 60 MHz carrier. Frequency modulated @M) radio uses less than 100 kHz bandwidth on carriers of order 100 MHz. Standard cellular phones use a wide band of carriers but each active transmitter is only allocated a narrow bandwidth around the carrier.
These standard methods introduce many well-established problems. First, if interference exists due to proximity of a high power transmitter or a system out of compliance, then a narrowband system will be jammed with a relatively small amount of power. Scattering sources such as large structures create a standing wave pattern in their vicinity. At the null points of the standing wave no signal is received, an effect called multipath fading. In addition, placing all the information in a narrow range of frequencies allows interception by unauthorized receivers. Also, in radar, one of the main drivers of high frequency applications, the narrowband systems return little information on the spatial structure of the scattering source. 
Importance to LANL's Science and Technology Base and National R&D Needs
The research on HTS materials at LANL is part of the nuclear and advanced materials competency. In addition, the extreme sensitivity of the HTS electronics allows new types of high performance measurements, a contribution to the complex experiments and measurements competency.
This project has developed the HTS technology necessary for other potential programs and products. The major areas of application are communications and radar systems. A DOD agency has expressed interest in the work discussed here and maybe a further source of funding. Beyond these communications problems, HTS electronics has been recognized by numerous agencies as a technology of the future.
Scientific Approach and Accomplishments
The changing emphasis in High Temperature Superconductor (HTS) electronics research ,from single-layer thin films to multilayered thin film structures, has led to increasing interest in high-frequency applications of metal-oxide-based nonlinear dielectrics permits designs of compact devices with practically low operational voltage levels (-1-10 v).
Most potential applications would require thin films of both the NLD and the HTS material on an appropriate low-loss substrate. However, at present, even the highest quality NLD films show much smaller dielectric constant and nonlinearity, and higher dielectric losses than their single-crystal NLD counterparts.b Also, the functional dependence of dielectric properties on external electric field bias seems to be quite different in thin films (for example, whereas the dielectric loss decreases with bias in thin films, it increases in single crystals).' Currently, several approaches are being explored to make films with improved properties; such as chemical doping,g>guse of heteroepitaxial buffer layers,l" and release of films from substrates by selective etchingll. While the effort on improving the properties of NLD films continues, it is also important to explore, in parallel, device concepts using the single-crystals that possess intrinsic and more reproducible properties.
In the following, we will summarize our work on prototype nonlinear devices based on YBCO coplanar waveguide electrodes on single-crystal STO substrates. To facilitate extensive study of nonlinear and dispersive effects (which will be described later),
we have adopted a time-domain measurement technique,12 which allows for separation of de-bias effects and high-frequency effects, and uses electrically-distributed transmission line concepts for analysis. The use of distributed coplanar waveguides has enabled us to investigate the high-frequency properties of STO single-crystals with high resolution because of the long interaction lengths. Hz and laser energy density of 2 J/cm2 on the target. After deposition, the electrodes were defined by standard photolithography, and patterned by dilute phosphoric acid (500 ppm H~POJ), followed by rf-sputtering of 0.5-pm-thick Au contact pads on both ends of the centerline and groundplanes. As a last processing step, the devices were annealed at 400
'C for 12 h in flowing Oz. Figure 2 shows the measurement set-up we used for broadband time-domain characterization of these nonlinear devices. The sample housing was designed specifically for"these experiments: it uses a suspended-substrate geometry without side walls to reduce and attenuate unwanted housing modes; no external pressure is applied on the substrate to reduce complications due to possible piezoelectric effects (i.e., the substrate is unclamped); short (-2 mm) coplanar waveguide segments with 50-Q characteristic impedance are used as an intermediate adapter to guide broadband electromagnetic waves from cylindrical symmetry of the coaxial cable to coplanar waveguide symmetry of the device;
and short (-1 mm) and low-inductance (-2 nH) Au wires are used to bond the electrodes of the device to the intermediate adapter.
The housing is clamped on a cold-head of a cryostat in a vacuum chamber. The input and output ports of the housing are connected with coaxial cables to the instruments outside the chamber via hermetically sealed connectors attached on ports of the chamber.
The bias-Tees are essentially rf-chokes, which allow the dc bias to be separated from highfrequency signals. The high-frequency channel is a bandpass filter with 3-dB cut-off frequencies of 20 kHz and 12.5 GHz.
For our high-frequency device characterization, we have used two different measurement configurations; the standard step-pulse time-domuin-refiectionAtime-domaintransmission (TDR/TDT) configuration, and the impulse-TDT configuration.
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The impulse-TDT configuration (connection of which is shown in a dashed line in Fig. 2 ) uses a Gaussian-like pulse with about 0.4 ns full-width-at-half-maximum and with varying amplitudes (between 0.2 V and 40 V) as the excitation signal and monitors only the transmitted signal. The step-pulse TDR/TDT configuration has been best suited for the overall characterization of the devices in the small-signal limit, whereas impulse-TDT configuration has been essential for the study of nonlinear/dispersive effects in the largesignal limit.
ELECTRICAL CIRCUIT MODEL AND SMALL SIGNAL RESPONSE
In the analysis of broadband characteristics of our devices, we will use an electrical circuit model based on lumped circuit element equivalents of coupling inductance L, and input/output impedance Z~for the external circuitry; and distributed element equivalents of series resistance R, series inductance L, shunt conductance G, and shunt capacitance C per unit length of the coplanar waveguide (see Fig. 3 ).
In their most general form, the inductance and impedance of the lumped elements 
Physically, L and C are related to the magnetic and the electric field energy stored in the waveguide, respectively. C is solely determined by the shunt geometric capacitance of the waveguide, whereas L has contributions both from the series geometric inductance of the waveguide and the surface inductance of the electrodes. R signifies dissipative losses in the series channel and is dominated by the surface resistance of the YBCO electrodes. G combines both the dissipative losses in the dielectric medium and the radiative losses through the dielectric. As will be described later, various approximations will be necessary to calculate these parameters under specific conditions.
To quantify linear dispersive and dissipative effects, one can examine spectral components of the step-pulse TDR/TDT response. This has been done in detai114on these devices. Here we will only present the results with an equivalent method, impulse TDT analysis. We prefer impulse TDT in anticipation of the fact that, for the study of nonlinem effects described in the following, one needs large amplitude signals, which are not as readily available in the form of short-risetime step-pulses. Furthermore, Gaussian-like impulses are similar to microwave soliton solutions of many nonlinear/dispersive systems, and thus can be used as incident pulses to investigate soliton-supporting characteristics of our waveguides.15 Figure 4 shows impulse TDT response at three temperatures (60 K, 40 K, 20 K), and at three biases (+2.5 V, +5 V, and -5 V) at 20 K. Qualitatively, the TDT response amplitude decreases (mainly due to an increase in impedance mismatch), and the delay increases (due to an increase in shunt capacitance) with decreasing temperature. To separate the intrinsic shunt losses from the impedance mismatch effect and the intrinsic dispersion from the low-pass filtering effect of the series coupling inductance, we used slightly modified forms of Eqs. (3) and (4) and impulse-TDT response data shown in Fig.   4 to calculate the attenuation cxand refractive index n as a function of frequency.
Once the YBCO electrodes are in the superconducting state (below about 86 K), the series resistive losses become negligibly small, and shunt losses (i.e., G) are expected to dominate dissipation in the waveguide. Between 85 K and 60 K, the total attenuation is immeasurably small and the waveguide is virtually dispersionless at least up to 2 GHz.
Below 60 K, the waveguide exhibits dissipation that increases approximately linearly with 6 frequency. The dissipation increases whereas the effective refractive index n decreases with bias.
Also, we note that n becomes dispersive (high frequency components propagate faster) at *5 V bias. Furthermore, n at 20 K seems to have a sharp drop at around 1 GHz --the exact frequent y dependence is difficult to determine due to very small signal to noise ratio above 1 GHz.
The STO material is also known to be quite lossy at low temperatures. The attenuation due to the dissipation in the bulk of the dielectric is proportional to the dielectric loss tangent tanc$. We will make the assumption that the dielectric loss in STO dominates shunt losses in our waveguide structure in the whole range of the data shown in However, all three mechanisms also predict linear increase of loss tangent tan~with frequency up to 100 GHz, in contrast to the frequency-independent behavior we have observed.
The Vendik model relies on the dielectric response of a system with a single degree of freedom. 16 However, this Debye17 type description is inadequate to describe the response of a system with a distribution of relaxation times, i.e., with many degrees of freedom.ls A general empirical modification of the Debye expression which accommodates a distribution of relaxation times leads to, under certain conditions, a frequencyindependent loss tangent behavior in agreement with experiments on many stronglyinteracting dielectric systems (i.e., systems with strong interactions among spin, charge, or lattice degrees-of-freedom) .18 Our observation here of a frequency-independent loss tangent implies that STO crystals need a more general treatment than that based on a weakly-interacting system.
LARGE-SIGNAL IMPULSE-TDT
As we have shown in the previous sections, by applying a dc bias v~C, we can change the small-signal electrical characteristics of our waveguides through changes in the shunt capacitance C and the shunt conductance G.
Since the lowest electrically-active transverse optic mode (or, soft phonon mode) in STO is expected to be of the order of a few hundred GHz, the dc bias effects should, ideally, provide all the information necessary for the determination of the large-signal behavior of the waveguide in the microwave frequency range up to the soft phonon mode frequency. In practice, however, such a relationship is complicated because our waveguide devices exhibit bias-dependent dispersive (i.e., bias-and frequency-dependent E,) and biasand frequency-dependent dissipative effects at much lower frequencies --in the frequency range of our interest between O and 2 GHz. Since the nonlinearity, the dispersion, and the frequency-dependent dissipation all cause pulse-shaping effects of some sort (in fact, it is the balance between dispersive and nonlinear effects that could give rise to stable pulse shapes, called solitons)19, it is necessary to distinguish among these effects for an accurate analysis of the large-signal behavior. Fig. 5 as sampling of the propagating pulse in an indefinitely long and uniform waveguide at different times. We see that, although the pulses get smaller and broader with time in all bias conditions, in the case of -2.5 V bias, the "triangular" shape of the pulse seems to be preserved. In other words, the pulse is shaped strongly by the waveguide when its amplitude is high, and this shape is somewhat preserved as the pulse makes a transition with time from large-signal to small-signal regime while the frequency-dependent dissipation acts on it.
We have previously developed a model in the form of a nonlinear wave equation describing the signal transmission in the large-signal regime.15 This model was based on the small-signal measurements of delay time and pulse-broadening. Using these measurements to determine the nonlinearity and dispersion, we found that the validity of this model could be extended into the large-signal regime. The model was able to reproduce the basic pulse-shaping features experimentally observed. Its main flaw was that the dispersion effects seemed to be somewhat over-estimated.
Pursuing the philosophy that the small-signal results can be utilized to construct a model that also is valid in the large-signal regime, we will here use the improved measurements presented earlier to construct a correspondingly improved model of the nonlinear pulse-shaping.
There will be three components of this model; first there is the nonlinearity which is in the form of a bias-dependent shunt capacitance C. Secondly, the attenuation a depends linearly on the frequency as a = ct~cowhere a~is to be extracted from the measurements and will clearly depend on the bias voltage and the temperature. 
is the Hilbert transform. In contrast to our earlier model,zz we have here limited the model to describe propagation in one direction. This has been done for convenience and does not limit the generality of the model.
In the linear limit Eq. (21) has the dispersion relation
which contains the components described above. The parameters a and~are to be determined from the small signal results. The coefficients cxand~will depend parametrically on the bias voltage and the temperature. 18 Fig. 6 
